FORMED SHEET HEAT EXCHANGER 



BACKGROUND OF THE INVENTION 

1) Field of the Invention 
The present invention relates to apparatuses and methods for exchanging heat 
between fluids and, more particularly, to a counter-flow heat exchanger with passages 
defined by nonplanar sheets. 

2) Description of Related Art 
Heat exchangers, which are used in numerous applications and industries, 
generally define two sets of passages that are at least substantially fluidly 
disconnected. A relatively hot fluid flows through a first set of passages of the heat 
exchanger, and a relatively cool fluid flows through a second set of passages of the 
exchanger. The two sets of passages thermally communicate so that thermal energy is 
transferred from the hot fluid to the cool fluid. The fluids can flow in the same 
direction, perpendicular directions, or opposite directions. Heat exchangers 
characterized by opposite flow of the fluids are typically referred to as counter-flow 
devices. 

One application for which the use of heat exchangers has been proposed is gas 
turbines such as are used in electricity generation. Gas turbines may include catalytic 
combustors, which generally provide partial combustion of the fiael and air flowing 
into the combustor of the turbine with low formations of nitrogen oxides (NOx) and 
carbon monoxide (CO). Acceptable catalytic combustion reaction rates are typically 
achieved only when operated at a temperature substantially above ambient 
temperatures. Preburners are sometimes used to heat the incoming airflow via partial 
combustion, but a preburner can reduce the efficiency of the turbine, and byproducts 
such as nitrogen oxides and carbon monoxide can be formed in the preburner. A heat 
exchanger can instead be used to transfer thermal energy derived from the catalytic 
combustion process to the incoming air. However, the structural configuration 
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required for such heat exchangers is generally complex. For example, in a 
conventional heat exchanger for a catalytic combustor, the air enters the heat 
exchanger in a direction transverse to the primary flow direction of the heat 
exchanger. In order for the flow direction of the air to be changed in the heat 
5 exchanger, the exchanger includes many detailed parts and many internal braze joints 
that cannot be easily inspected. The assembly of such a heat exchanger is typically 
labor intensive, and the exchanger is often subjected to large thermal strains that limit 
the operating life of the device. 

Thus, there exists a continued need for an improved heat exchanger device. 

10 The heat exchanger should be capable of efficiently transferring thermal energy 

between fluids, for example, as a catalytic heat exchanger that heats the air flowing 
into a turbine and for other heat transfer applications. Preferably, the heat exchanger 
should require fewer detailed or complex parts, and fewer internal joints. The heat 
exchanger should preferably also be characterized by reduced assembly costs and an 

1 5 increased operating life. 

SUMMARY OF THE INVENTION 
The present invention provides an apparatus for exchanging heat between 
fluids. The apparatus includes a plurality of flow divider sheets that are positioned in 

20 a stacked configuration to define flow passages therebetween. Each sheet is 

nonuniform in a longitudinal direction and, in particular, defines a corrugated portion 
and at least one manifold portion. The corrugated portions of each sheet correspond 
to the corrugated portions of the adjacent sheets in the stack so that adjacent sheets 
define fluid channels therebetween in the flow passages. First and second fluids can 

25 be delivered through the flow passages, e.g., in an alternating fashion, so that the first 
and second fluid thermally communicate. The corrugated portions of the sheets can 
provide relatively large common boundary areas between the fluids in adjacent 
passages, thereby increasing the thermal efficiency of the heat transfer therebetween. 
Advantageously, the flow divider sheets can provide efficient thermal communication 

30 between the two flow streams without requiring extensive internal joints or complex 
parts. For example, the geometrical configuration of the apparatus can provide 
efficient heat exchange between hot and cold fluids by minimizing the path of thermal 
conduction therebetween. The close proximity of the fluids can also result in a 
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reduction in structural loads that are induced by temperature differences. Further, the 
elimination of certain rigid connections typically formed in conventional heat 
exchanging devices can reduce the thermal stress in the apparatus. In some cases, the 
apparatus of the present invention can be configured with many fluid passages, which 
5 can be relatively small in cross-sectional size, and yet can be made using a relatively 
simple and inexpensive fabrication process. 

The corrugated portions of adjacent flow divider sheets can contact one 
another along a plurality of interfaces extending in the longitudinal direction of the 
sheets, thereby substantially preventing transverse flow of the fluids between adjacent 

10 channels. Further, the corrugated portions of adjacent flow divider sheets can be 

substantially disconnected throughout the corrugated portions of the flow passages so 
that the adjacent sheets are relatively adjustable during operation of the apparatus, 
e.g., to accommodate nonuniform expansion or contraction of the sheets. Elongate 
members extending transversely can be disposed between the flow divider sheets so 

1 5 that the elongate members support the divider sheets and maintain the flow passages 
between the sheets. 

According to one embodiment of the present invention, the manifold portions 
of the flow divider sheets define inlets that are directed transverse to the longitudinal 
direction of the flow divider sheets. The transverse inlets are fluidly connected to the 

20 first plurality of flow passages. Vanes can be disposed in the first flow passages and 
structured to direct the flow of the first fluid from a generally transverse direction at 
the inlets to a generally longitudinal direction at the channels. 

According to one aspect of the invention, the apparatus is a catalytic heat 
exchanger for delivering a combustible fluid to a combustion device. The 

25 longitudinal fluid channels of the heat exchanger apparatus are fluidly connected at an 
end opposite the manifold portions of the sheets, e.g., by apertures through the flow 
divider sheets. The first plurality of the flow passages define inlets configured to 
receive an oxidizing fluid, which is delivered in a first flow direction to the fluid 
channels of the first plurality of flow passages. A fuel injector proximate to an end of 

30 the corrugated portions of the flow divider sheets is configured to deliver a 

combustible fluid to the oxidizing fluid at the end of the fluid channels opposite the 
manifold portions. Thus, the oxidizing fluid and the combustible fluid mix to form a 
combustible mixture that flows through the fluid channels of the second plurality of 
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the flow passages generally opposite the direction of the oxidizing fluid. A catalyst 
can be disposed on the surfaces of the flow divider sheets that define the second 
plurality of the flow passages. Further, corrugated insert sheets, which can also have 
a catalyst disposed thereon, can be disposed in the second plurality of the flow 
5 passages. The second flow passages define an outlet configured to deliver the 
combustible mixture therefrom. A fuel injector can be provided proximate to the 
outlet and configured to transmit the combustible mixture therethrough and deliver 
additional combustible fluid to the combustible mixture. 

According to another embodiment of the present invention, the apparatus is a 

10 heat exchanger for exchanging heat between first and second fluids flowing 

therethrough. The flow divider sheets are nonuniform in the longitudinal direction to 
define first and second manifold portions longitudinally opposite a corrugated portion 
so that each flow passage includes first and second manifold portions and a plurality 
of fluid channels extending longitudinally therebetween. A first plurality of the flow 

15 passages are configured to receive the first fluid, and a second plurality of the flow 
passages are configured to receive the second fluid. Each flow passage is structured 
to receive the respective fluid in the fluid channels so that thermal energy is 
transferred between the fluids flowing between the corrugated portions of the flow 
divider sheets. The manifold portions of the flow divider sheets define ports for 

20 substantially separately communicating the fluids, and at least one of the ports at each 
manifold portion can be configured in a transverse direction. Vanes can be disposed 
in the flow passages and structured to direct the fluid flow between the transverse 
direction of the transverse port and the longitudinal direction of the fluid channels. 



25 BRIEF DESCRIPTION OF THE DRAWINGS 

Having thus described the invention in general terms, reference will now be 
made to the accompanying drawings, which are not necessarily drawn to scale, and 
wherein: 

Figure 1 is a perspective view illustrating a catalytic heat exchanger according 
30 to one embodiment of the present invention; 

Figure 2 is a section view illustrating the catalytic heat exchanger of Figure 1 
as seen along line 2-2 of Figure 1; 
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Figure 3 A is a section view illustrating the catalytic heat exchanger of Figure 
1 as seen along line 3A-3A of Figure 2; 

Figure 3B is a section view illustrating the catalytic heat exchanger of Figure 1 
as seen along line 3B-3B of Figure 2; 
5 Figure 4 is a perspective view illustrating the catalytic heat exchanger of 

Figure 1 in a partially assembled configuration; 

Figure 5 is a perspective view illustrating two corrugated sheets and a 
corrugated insert for forming the catalytic heat exchanger of Figure 1 shown in an 
exploded configuration; 
10 Figure 6 is a partial cut-away view in perspective view illustrating the catalytic 

heat exchanger of Figure 1 ; 

Figure 7 is a perspective view of a heat exchanger according to another 
embodiment of the present invention; 

Figure 8 A is a section view illustrating the heat exchanger of Figure 7 as seen 
15 along line 8A-8A of Figure 7; and 

Figure 8B is a section view illustrating the heat exchanger of Figure 7 as seen 
along line 8B-8B of Figure 7. 

DETAILED DESCRIPTION OF THE INVENTION 
20 The present invention now will be described more fully hereinafter with 

reference to the accompanying drawings, in which preferred embodiments of the 
invention are shown. This invention may, however, be embodied in many different 
forms and should not be construed as limited to the embodiments set forth herein; 
rather, these embodiments are provided so that this disclosure will be thorough and 
25 complete, and will fully convey the scope of the invention to those skilled in the art. 
Like numbers refer to like elements throughout. 

Referring now to Figure 1, there is shown a heat exchanging apparatus 10 
according to one embodiment of the present invention for transferring thermal energy 
between first and second fluids. In particular, the apparatus 10 shown in Figure 1 is a 
30 catalytic heat exchanger configured to heat an oxidizing fluid, such as gaseous air, 
using heat derived from a combustion of a combustible mixture including a gaseous 
fuel, such as methane, with the air. In other embodiments of the present invention, 
other reactable fluids can be delivered through the apparatus 10 so that the thermal 
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energy is derived from other types of combustion or chemical reaction. Alternatively, 
the fluids can enter the heat exchanger 10 with different temperatures so that no 
combustion is required in the apparatus 10 for generating the thermal energy. 

As shown in Figures 1-4, the apparatus 10 includes a housing 12 defined by 
5 sidewalls 14. A plurality of flow divider sheets 20 are disposed in the housing 12 and 
positioned in a stacked configuration to define flow passages 22, 24 therebetween. 
Each of the flow divider sheets 20 extends in a longitudinal direction and is 
nonuniform in the longitudinal direction. In particular, each sheet 20 of the apparatus 
10 defines a manifold portion 26 at one end 28 and a corrugated portion 30 at the 

10 opposite end 29. The manifold portions 26 of the sheets 20 are substantially 

unformed, i.e., substantially planar. The corrugated portions 30 generally are formed 
to define longitudinally extending contours that repeat in a transverse direction across 
the width of the sheets 20. For example, the corrugated portions 30 can be v-shaped, 
as shown in Figure 3 A, sinusoidal, or otherwise corrugated in shape. Further, the 

1 5 contours of adjacent pairs of the sheets 20 correspond so that each pair of the sheets 
20 defines channels 32, 34 therebetween. Thus, as shown in Figure 3B, the flow 
passages 22, 24 as defined by the manifold portions 26 of the flow divider sheets 20 
do not generally restrict flow in a transverse direction, while the flow channels 32, 34 
of the passages 22, 24 generally do provide restriction to transverse flow. Moreover, 

20 the corrugation of the sheets 20 provides an increased surface area of the sheets 20 

relative to the manifold portions 26. The size and spacing of the passages 22, 24, can 
be an important factor in the efficiency of the apparatus 10, and the corrugated sheets 
20 can provide relatively large common boundary areas between the fluids in adjacent 
channels 32, 34 such that a high thermal efficiency of heat transfer between the fluids 

25 can be achieved. Thus, the apparatus 10 and the passages 22, 24 thereof can be made 
relatively small (and possibly at reduced expense) compared to some conventional 
heat exchanger devices that provide similar heat transfer rates between fluids. 

Each flow divider sheet 20 can be formed from a single sheet of material, e.g., 
from a planar sheet of steel. The sheets 20 can be formed by various forming 

30 techniques such as by stamping the sheets 20 with dies that define the desired 

corrugated contours, by hydroforming, electromagnetic forming, rolling, and the like. 
The contour of the corrugated portions 30 of the sheets 20 can be designed according 
to the method used for forming the sheets 20 as well as the material properties of the 
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sheets 20, e.g., the formability of the material. For example, each sheet 20 defines a 
transition portion 36 between the manifold and corrugated portions 26, 30. Typically 
the transition portion 36 is at least about twice the height of the corrugations, e.g., at 
least about as thick as the total height of the corrugated portion of the sheet 20, which 
5 has corrugations extending in opposite directions from a plane defined by the 
manifold portion 26. 

As indicated in Figure 3 A, the channels 32, 34 are configured to receive 
different fluids. In particular, a first group 32 of the channels is configured to receive 
air and a second group 34 of the channels is configured to receive a combustible 

10 mixture. The first channels 32 are part of a first group 22 of the flow passages, and 
the second channels 34 are part of a second group 24 of the flow passages. The sheets 
20 can be joined in pairs so that each pair of sheets 20 defines a row of the second 
channels 34 therebetween. The sheets 20 can be joined at the transverse edges 38, 
e.g., by welding or otherwise connecting the transverse edges 38. The corrugated 

15 portions 30 of the sheets 20 can define interfaces 40 between the adjacent channels 
32, 34 of each row. The interfaces 40 can substantially separate the adjacent channels 
32, 34, but the interfaces 40 can be unjoined, i.e., not welded or otherwise rigidly 
connected, thus providing flexibility to the arrangement of the sheets 20 so that each 
sheet 20 can adjust to some extent relative to the other sheets 20, e.g., if the sheets 20 

20 expand or contract differently as a result of thermal changes. 

The width of the flow divider sheets 20 and the height of the stack of sheets 20 
can correspond to the inner dimensions of the sidewalls 14 of the housing 12 so that 
the sheets 20 are constrained from moving transversely in the housing 12. Further, 
the transverse edges 38 of the flow divider sheets 20 can be generally free to slide 

25 against the sidewalls 14 so that the sidewalls 14 do not constrain longitudinal 

adjustment of the flow divider sheets 20. Thus, one longitudinal end 28 of each flow 
divider sheet 20 can be substantially rigidly constrained and the longitudinally 
opposite end 29 can be adjustable relative thereto so that the sheets 20 can expand or 
contract, e.g., as the sheets 20 are heated and cooled. Further, as shown in Figures 2 

30 and 4, elongate members 42 can be disposed between adjacent pairs of the flow 
divider sheets 20 to maintain the position of the sheets 20 and the channels 32, 34 
therebetween. For example, the elongate members 42 can be wires extended in a 
transverse direction to prevent the sheets 20 from "nesting" or otherwise collapsing. 
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The air is provided to the first flow passages 22 through inlets 44 extending in 
a transverse direction 46 so that the air flows transversely between the manifold 
portions 26 of the corrugated sheets 20 at the first end 28 of the sheets 20 to the first 
channels 32. The air then flows in a longitudinal direction 48 through the first 
5 channels 32 toward the second end 29 of the sheets 20. As illustrated, the inlets 44 
are provided on a single transverse side of the apparatus 10, but the inlets 44 can 
alternatively be located on multiple sides, e.g., on transversely opposite sides of the 
housing 12. In either case, vanes 50 can be provided between the manifold portions 
26 of the flow divider sheets 20 in the first flow passages 22 to direct the flow of the 

10 oxidizing fluid therethrough. For example, the vanes 50 can define curved passages 
extending transversely inward from the inlets 44 and curving to direct the oxidizing 
fluid to the longitudinal direction 48 and into the first channels 32. Each of the vanes 
50 can be provided as a separate structure, or the vanes 50 can be formed as a single 
corrugated sheet of material, with the corrugations extending in a curved 

1 5 configuration to direct the flow of the fluids as desired through the apparatus 10. In 
either case, the vanes 50 can provide structural support to the manifold portions 26 of 
the sheets 20. 

A fuel injector 52 is positioned at the second end 29 of the channels 20 and 
configured to provide a combustible fluid to be mixed with the air. In particular, the 

20 fuel injector 52 of the illustrated embodiment includes a fuel inlet 54, which is 

connected to an injector reservoir 56 (Figure 2). The inlet 54 can be connected to a 
source of combustible fluid, such as a vessel for providing pressurized gaseous 
methane, liquid jet fuel, or other combustible fluids. The combustible fluid flows 
through the fuel inlet 54 to the reservoir 56 in direction 57 and exits the reservoir 56 

25 through a fuel injection plate 58, i.e., a plate with a plurality of apertures 60 extending 
therethrough. Thus, the combustible fluid flows from the reservoir 56 through the 
apertures 60 of the injection plate 58 and enters the first channels 32 at the second end 
29. In the first channels 32, the combustible fluid mixes with the oxidizing fluid 
therein to form a gaseous combustible mixture. 

30 The second ends 29 of the second channels 34 defined by the sheets 20 are 

closed as indicated at 61 in Figures 4 and 5, but a plurality of apertures 62 proximate 
to the second ends 29 are provided in the sheets 20 such that the combustible mixture 
flows from the first channels 32 into the second channels 34. The combustible 
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mixture generally flows in the second channels 34 in a longitudinal direction 63 
opposite to the direction 48 of the air flowing in the first channels 32. The 
combustible mixture is combusted in the second fluid channels 34, i.e., the 
combustible fluid and the oxidizing fluid react exothermically, without necessarily 
5 completely combusting the combustible fluid. Heat derived from the reaction in the 
second channels 34 is exchanged, i.e., thermally communicated, through the flow 
divider sheets 20 and heats the oxidizing fluid in the first channels 32. Thus, the 
oxidizing fluid can be heated before being combusted. Advantageously, the oxidizing 
fluid can be heated to a temperature to sustain the catalytic combustion process, 

10 reducing the formation of nitrogen oxides (NOx). It will be appreciated that the 
amount of the oxidizing fluid combusted and the resulting temperature can be 
controlled by adjusting the types of combustible and oxidizing fluids, the flow rates 
and pressures of the fluids, and the like. 

Corrugated inserts 64 can be disposed in the second flow passages 24 between 

15 the manifold portions 26 of the flow divider sheets 20. The corrugated inserts 64 

define parallel passages extending in the longitudinal direction so that the combustible 
fluid is directed by the inserts 64 from the second channels 34 to the first end 28 of 
the flow divider sheets 20. For example, Figure 5 illustrates a pair of the flow divider 
sheets 20 and one of the corrugated inserts 64 in an unassembled configuration. The 

20 corrugated inserts 64 are about as long in the longitudinal direction as the manifold 
portions 26 of the flow divider sheets 20 so that the corrugated inserts 64 guide the 
flow of the fluid through the length of the flow passages 24 between the manifold 
portions 26. The surfaces of the flow divider sheets 20 that are directed toward the 
second flow passages 24 can be coated with a catalyst 66 for promoting the 

25 combustion of the combustible fluid in the second flow passages 24. Further, the 
corrugated inserts 64 can also be coated with the catalyst 66, thereby increasing the 
catalyzed surface area provided in communication with the combustible fluid flowing 
through the second passages 24. For example, the catalyst 66 can be a platinum-based 
material with one or more precursors, as is known in the art. 

30 Transverse edges 68 of the corrugated inserts 64, shown in Figure 5, can be 

joined to the transverse edges 38 of the flow divider sheets 20. However, the 
corrugated inserts 64 can be substantially unjoined to the manifold portions 26 of the 
flow divider sheets 20 between the transverse edges 38, thereby minimizing the 



AttyDktNo. 38190.269318 



number of joints required during manufacture of the apparatus 10 and providing some 
flexibility between the inserts 64 and the flow divider sheets 20 to allow relative 
movement therebetween during expansions or contraction, e.g., during heating and 
cooling. According to one embodiment of the present invention, the flow divider 
5 sheets 20 can define channels, slots, or other contours (not shown) that extend 

longitudinally along the manifold portions, each contour being configured to receive a 
portion of the adjacent corrugated insert 64, thereby restraining a transverse 
movement of the corrugated inserts 64 relative the adjacent flow divider sheets 20. 

At the first end 28 of the flow divider sheets 20, the flow divider sheets 20 can 

10 be connected to a combustion device such as a turbine and the second flow passages 
34 can be fluidly connected to the combustion device. Thus, the combustion device 
can be configured to receive the combustible fluid and further combust the fluid. As 
shown in Figure 6, main injectors 70 can be provided at the first end 28 of the flow 
divider sheets 20. The main injectors 70 can be disposed between the flow divider 

1 5 sheets 20 in the first flow passages 22. The main injectors 70 are structured to receive 
a combustible fluid, which can be the same combustible fluid provided to the fuel 
injector 52. For example, the combustible fluid can enter an inlet 72 of each main 
injector 70 and flow therethrough to a plurality of nozzles 74 configured to inject the 
combustible fluid to be mixed with the combustible mixture flowing out the first end 

20 28 of the flow divider sheets 20. Thus, the main injectors 70 can increase the content 
of the combustible fluid in the mixture, thereby increasing combustion of the mixture 
that occurs in the turbine or other combustion device. 

According to one method of operation, air is received through the inlet 44 and 
into the first flow passages 22. The air enters the apparatus 10 at a first temperature, 

25 such as about 600° F. In the first flow passages 22, and in particularly in the first flow 
channels 32 thereof, the air receives thermal energy from the combustible mixture in 
the second flow passages 24, e.g., from the channels 34, and is heated to an elevated 
temperature, such as about 900° F. Gaseous methane, or another fuel, is injected by 
the injector 52 and mixes with the air. The methane and air flow through the 

30 apertures 62 in the flow divider sheets 20 to form the combustible mixture in the 
second flow passage 24. The combustible mixture flows longitudinally in the 
direction 63 opposite the direction 48 of flow of the air in the first flow passages 22. 
The combustible mixture is at least partially combusted in the second flow passages 
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24, thereby releasing thermal energy that is delivered through the flow divider sheets 
20 to the air in the adjacent first flow passages 22. The combustible mixture exits the 
channels 34 of the second flow passages 24 at a temperature, e.g., about 1550° F, and 
flows through the passages 24 between the manifold portions 26 of the flow divider 
5 sheets 20, passing through longitudinal channels defined by the corrugated inserts 64, 
where the catalytic combustion process continues. The hot combustible mixture then 
flows through the main injectors 70 toward a gas turbine, and the main injectors 70 
provide additional fuel so that the combustible fluid can be further combusted prior to 
entering the turbine, e.g., to a temperature of about 2600° F. It will be appreciated 

10 that the particular flow configuration and the temperatures of the fluids are exemplary 
and other flow configurations and temperatures are possible. 

The apparatus 10 described above in connection with Figures 1-6 is 
configured to reverse the flow of a fluid so that the fluid can be fed to a combustion 
process that preheats the same fluid. However, in other embodiments of the present 

15 invention, the apparatus can be used for exchanging heat between other fluids, such as 
between relatively hot and cold fluids, which need not be combusted or mixed in the 
apparatus. For example, Figure 7 illustrates an apparatus 100 according to another 
embodiment of the present invention configured to receive first and second fluids and 
transfer thermal energy therebetween. The heat exchanger apparatus 100 includes a 

20 plurality of flow divider sheets 120 that are positioned in a stacked configuration. 
Each sheet 120 extends in a longitudinal direction and is nonuniform in the 
longitudinal direction. More particularly, each sheet 120 defines a corrugated portion 
130 disposed longitudinally between first and second manifold portions 126a, 126b, 
which are relatively planar. The sheets 120 are stacked so each adjacent pair of the 

25 sheets 120 defines a flow passage 122, 124 therebetween. The adjacent sheets 120 are 
configured so that the corrugated portions 130 define longitudinal interfaces 140 that 
substantially transversely separate longitudinal channels 132, 134, similar to the 
channels 32, 34 described above in connection with Figures 3 A and 3B. Thus, each 
flow passage 122, 124 includes a first manifold flow passage 122a, 124a defined by 

30 the first manifold portions 126a of the sheets 120, a second manifold passage 122b, 
124b defined by the second manifold portion 126b of the sheets 120, and a plurality 
of the flow channels 132, 134 fluidly connecting the first and second manifold 
passages 122a, 124a, 122b, 124b. 
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In the embodiment illustrated in Figure 7, the flow passages 122, 124 are 
designated as first flow passages 122 and second flow passages 124, which are 
configured in an alternating configuration. That is, each of the first flow passages 122 
is disposed between adjacent second flow passages 124. The first flow passages 122 
5 are configured to receive a first fluid, and the second flow passages 124 are 

configured to receive a second fluid. Thus, the first and second fluids thermally 
communicate in the apparatus 100 and, in particular, the warmer fluid heats the cooler 
fluid by conduction through the flow divider sheets 120, which separate the adjacent 
flow passages 122, 124. Advantageously, the contoured cross-sectional shape of the 

10 corrugated portions 130 of the sheets 120 provides an increased area of thermal 
communication between the adjacent flow passages 122, 124 as compared to the 
surface area provided between planar sheets of similar dimensions. The increased 
area can increase the heat transfer between the two fluids. 

Each of the first flow passages 122 defines inlet and outlet ports 144, 145 

15 disposed in the longitudinal direction, and the second flow passages define inlet and 
outlet ports 154, 155 disposed transversely. More particularly, the first and second 
manifold passages 122a, 122b fluidly connect the first fluid channels 132 to the 
longitudinal inlet and outlet ports 144, 145. Thus, fluid received by the inlet port 144 
flows in a longitudinal direction 148 through the first manifold passages 122a, 

20 through the corresponding first fluid channels 132, and then through the second 
manifold passages 122b to the outlet 145. The first and second manifold passages 
124a, 124b fluidly connect the second fluid channels 134 to the transverse inlet and 
outlet ports 154, 155. Thus, fluid received by the transverse inlet port 154 flows 
through the second manifold passages 124b, through the corresponding second fluid 

25 channels 134, and then through the first manifold passages 124a to the transverse 
outlet 155. Vanes or other flow guide devices 150 can be provided between the 
manifold portions 124 of the flow divider sheets 120 to direct the fluid(s) between the 
ports 144, 145, 154, 155 and the fluid channels 132, 134. For example, the vanes 150 
can be disposed between each of the manifold passages 124a, 124b and curved to 

30 direct the flow of the second fluid from a transverse direction 146 at the inlet port 154 
to longitudinal direction at the fluid channels 134 and, at the opposite end of the 
apparatus 100, from the longitudinal direction of the fluid channels 134 to an opposite 
transverse direction 146a at the outlet port 155. The vanes 150 can be configured to 
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direct the first fluid between multiple inlets and/or outlets, e.g., a pair of inlets on 
transversely opposite sides of the apparatus 100 and a pair of outlets also on the 
transversely opposite sides of the apparatus. Other guide devices can be formed of 
corrugated sheets or other channeled devices that direct the fluid in the transverse 
5 direction. Vanes or other guide devices can also be provided in the first flow passages 
122. The vanes 150 or other guide devices can provide structural support to the 
manifold portions 126a, 126b of the flow divider sheets 120 by maintaining a desired 
gap between adjacent sheets 120. Alternatively or additionally, the flow divider 
sheets 120 can be supported by a plurality of elongate members (not shown) disposed 

10 between the flow divider sheets 120 and extending in a generally transverse direction, 
similar to the elongate members 42 described above in connection with Figure 2. 

The flow divider sheets 120 are joined in pairs, each pair of sheets 120 
defining one of the second flow passages 124 therebetween. For example, each pair 
of sheets 120 can be joined along transverse edges 138 thereof by side members 114. 

15 The first flow passages 122 are defined between the adjacent pairs of sheets 120. A 
housing formed of side members or other structures can be also be provided to at least 
partially seal the second flow passages 124 along the transverse sides 138 of the 
corrugated portions 130 of the sheets 120 and at the longitudinal ends of the sheets 
120. The corrugated portions 130 of the sheets 120 can be otherwise disconnected so 

20 that the adjacent sheets 120 are relatively adjustable during operation of the apparatus 
100, e.g., to accommodate nonuniform expansion and contraction of the sheets 120 
during heating and cooling. 

The inlets 144, 154 of the first and second flow passages 122, 124 are at 
opposite ends of the apparatus 100 so that the two fluids flow generally longitudinally 

25 in opposite directions, i.e., a counterflow configuration. In other embodiments of the 
invention, however, the two fluids can flow in the same direction through the 
apparatus 100 if desired. 

Many modifications and other embodiments of the invention will come to 
mind to one skilled in the art to which this invention pertains having the benefit of the 

30 teachings presented in the foregoing descriptions and the associated drawings. For 
example, it is understood that the fabrication processes for producing the components 
of the described apparatuses are highly scaleable, that is, the components and, hence, 
the apparatuses can be formed at any size according to the needs of any particular 
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application. Therefore, it is to be understood that the invention is not to be limited to 
the specific embodiments disclosed and that modifications and other embodiments are 
intended to be included within the scope of the appended claims. Although specific 
terms are employed herein, they are used in a generic and descriptive sense only and 
5 not for purposes of limitation. 
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